Changes were measured in some of the major physiological variables associated with seawater adaptability, growth and energetics in wild Atlantic salmon Salmo salar smolts and post-smolts migrating from the river and through the estuary, fjord and coastal areas in the River Orkla and the Trondheimsfjord, Norway during late May to early June. Gill Na
INTRODUCTION
Following parr-smolt transformation and downstream migration, anadromous Atlantic salmon Salmo salar L. often move through complex estuarine and coastal environments before reaching the open ocean. The Norwegian fjords, long and narrow and often with a threshold at the fjord mouth, represent an important type of confined coastal environment. Although knowledge about the ecology of wild Atlantic salmon post-smolts is quite limited, post-smolts often stay <1 month in the fjords and coastal waters after leaving the river (Hvidsten & Lund, 1988; Thorpe, 1994; M. Holm, I . Huse, E. Waatevik, K.B. Døving & J. Aure, pers. comm.) . Atlantic salmon post-smolts frequently migrate through the fjords or sea lochs in small schools at about the same speed as the surface current, staying most of the time in the upper water-layers (Dutil & Coutu, 1988; Thorpe, 1994 ; M. Holm, I. Huse, E. Waatevik, K.B. Døving & J. Aure, pers. comm.) . During this migration from the river through the estuary, fjord and coastal areas, the diet of Atlantic salmon post-smolts changes, and evidence suggests that post-smolts show a certain degree of selective feeding on advantageous prey (Andreassen et al., 2001) . Feeding conditions and early marine growth have been postulated to be critical to overall marine survival and year-class strength for Atlantic and Pacific salmonids (Friedland et al., 2000) .
Many physiological changes which are adaptive for seawater entry occur in smolts during the downstream migration (Hoar, 1988) , and further changes take place in response to seawater transfer (McCormick et al., 1985 (McCormick et al., , 1989 McCormick, 1995; Handeland et al., 1996 Handeland et al., , 1998 Handeland et al., , 2000 Bjo¨rnsson, 1997; Bjo¨rnsson et al., 1998; Sundell et al., 2003) . These physiological responses may be a critical part of the adaptive process to ocean conditions and confer substantial selective advantages during the critical early marine phase of anadromous salmonids (Levings et al., 1994; Andreassen et al., 2001) . In spite of this, information on potential physiological and endocrine changes in wild salmonids during the early marine (coastal) phase is virtually non-existent. It is hypothesised that significant physiological adjustments are made during this period, concurrent with changes in behaviour and feeding. The objective of this study was therefore to examine several important physiological variables associated with seawater adaptability, growth and energetics, as well as one of the major endocrine regulators of these processes, growth hormone (GH), in wild migrating Atlantic salmon smolts and post-smolts from the river through the estuary, fjord and coastal areas.
MATERIALS AND METHODS

STUDY AREA AND FISH
The study was carried out in the River Orkla and the Trondheimsfjord in central Norway (Fig. 1) . Each spring, an estimated 580 000 smolts (95% CI ¼ 300 000-1Á3 million; N.A. Hvidsten, pers. com.) migrate from the surrounding rivers through the fjord (Levings et al., 1994; Andreassen et al., 2001) . The extensive smolt migration and the topography of the Trondheimsfjord make this a well-suited system for studies of postsmolts during the early marine phase. Smolt migration in the River Orkla normally occurs from mid-May to the first week of June, coinciding with peaks in runoff (Hvidsten et al., 1995a) . Wild post-smolts were sampled during 2 years, in 1996 from 23 May to 3 June, and in 1997, from 28 May to 3 June (Table 1) . Smolts were trapped in the River Orkla at Meldal (defined as zone 0), c. 40 km from the estuary. River temperature was c. 3Á5-5 C and runoff between 180 and 330 m 3 s
À1
. The trap consisted of a 1 m 2 steel frame opening with a net pouch of mesh size 10 mm (Grana˚s & Hvidsten, 1985) . Since smolts in the River Orkla are known to migrate nocturnally, the trap was lowered into the river with wire and winch at the Meldal Bridge during twilight and dark hours
(2300-0300 hours) and checked approximately every hour. Immediately after lifting the trap, smolts were transferred to a container filled with river water, transported live to the laboratory and sampled as described below. Sampling began within 6-8 min after smolts had been removed from the trap. Smolts with major scale losses were excluded. Post-smolts were caught in the sea from the Orkla Estuary through the fjord and into the offshore coastal areas during the sampling conducted by Andreassen et al. (2001; zones 1-6, Fig. 1 ). The trawl was 36 m long with a 36 m 2 opening, with mesh size 24 mm in the trawl wings and 8 mm in the cod-end. The trawl was hauled by two fishing vessels at a speed of 2Á78 km h À1 (1Á5 knots). This method has been used successfully to catch migrating Atlantic salmon post-smolts (Levings et al., 1994; Andreassen et al., 2001) . Recently, video observations during trawling have demonstrated that post-smolts are able to sustain the trawling speed, maintaining position inside the trawl for extended periods of time, suggesting that capture stress is not a major concern (M. Holm & J. Chr. Holst, pers. comm.) . Every hour, a smaller boat was used to inspect the codend. If post-smolts were present, they were brought live onboard one of the vessels and sampled. Time between catch and sampling was the same as described for smolts. Fish with extensive scale losses were excluded. All trawling was done during daytime hours (Andreassen et al., 2001) . In 1996 post-smolts were caught in zones 2 and 3, and in 1997 in zones 1, 3, 5 and 6 (Table I) . Salinity of the upper layers (1-5 m) was similar between years, and increased from the Orkla estuary (5-25 in zone 1, increasing rapidly with depth) to the outer parts of the Trondheimsfjord (21-25 in zone 3) and into Frohavet 
(28-32 in zone 5 and 32-33 in zone 6). There was a distinct halocline and thermocline at 5-7 m depth in the fjord (zones 1-3), with salinities >30 below 7 m. Salinity was more uniform in Frohavet (zones 5, 6), characteristic of well-mixed oceanic conditions. The temperature did not differ between years, and was highest in the surface layers (1-5 m, 7Á5-10Á5 C). Beneath the thermocline, the water temperature was stable at 6Á5-7Á0 C. Oxygen levels were 11Á1 mg l À1 in the upper 1-4 m and gradually decreased with depth over the next 10 m to stabilize at 8Á6 mg l À1 .
SAMPLING AND ANALYSIS
Fish were held in a covered tank with either river water (smolts) or sea water (postsmolts) of ambient salinity until sampling. Fish were killed by a blow to the head, and blood immediately collected from the caudal vessels using 1 ml heparinized syringes. Plasma was separated by centrifugation, frozen on dry ice and stored at À80 C for subsequent growth GH analysis. All fish were weighed (wet mass, M) and measured (fork length, L F ) and the condition factor (K) was calculated (K ¼ 100ML À3 F )). The second gill arch on the left side was dissected out, immersed in SEI buffer (150 mM sucrose, 10 mM Na 2 -EDTA, 50 mM imidazole at pH 7Á3), frozen on dry ice and stored at À80 C until analysis of Na þ ,K þ -ATPase activity. The body cavity was opened ventrally and the intestine, from just posterior to the last pyloric caeca to the anus, was carefully removed. It was then cut open along the mesenteric border, carefully rinsed in physiological saline (0Á9% NaCl) and the mucosa scraped off using two glass microscope slides. The mucosal scrapings were placed in ice-cold intestinal buffer (200 mM glycine, 300 mM sucrose, 45 mM Na 2 -EDTA, 50 mM EGTA, 50 mM imidazole at pH 7Á6), immediately frozen on dry ice and stored at À80
C for later analysis of intestinal Na þ ,K þ -ATPase activity. The stomach was removed for prey analysis (Andreassen et al., 2001) . The carcasses, including all other organs were frozen at À20 C for subsequent analyses of protein and lipid levels, moisture content, liver mass (M L ) and glycogen contents. The liver somatic index (I L ) was calculated:
À1 . Plasma GH levels were determined by a specific salmon GH radioimmunoassay . Due to small plasma volumes, readings outside of the standard curve could not be re-run with diluted plasma. These samples were assigned the concentration of the highest standard (50 ng ml À1 ), and thus underestimated the true value. This was most pronounced in samples from zones 3 (13 of 22) and 5 (14 of 29) in 1997.
Gill filaments and intestinal scrapings were thawed on the day of assay, the storage buffer discarded, and gill Na þ ,K þ -ATPase activity analysed according to McCormick (1993) . Intestinal scrapings were homogenized in 800 ml intestinal buffer (containing 0Á3 mM PMSF and 0Á34 ml aprotinin 100 ml buffer À1 ) using a glass/glass tissue grinder (Contes, Vineland, NJ, U.S.A.). The homogenized samples were centrifuged at 5000 g for 30 s. Ten ml of the supernatant were added, in duplicate, to wells of a 96-well microplate containing 200 ml assay medium, with and without 0Á5 mM ouabain, and read at 340 nM for 10 min at 25 C. Protein concentrations of intestinal homogenates were assessed according to Lowry et al. (1951) . Na þ ,K þ -ATPase activity was expressed as mmol ADP mg protein À1 h À1 . Frozen carcasses were thawed and homogenised in one volume of deionised water. Total lipid was extracted and moisture content measured immediately, while protein and glycogen aliquots were frozen for later assay. Moisture, lipid, protein and glycogen were measured as outlined in Leonard & McCormick (1999) . Briefly, lipids were extracted from 1 ml of homogenate with 20 volumes of 1 : 1 chloroform : methanol. Extracted lipid was spectrophotometrically determined using the phosphovanillin method with extracted and gravimetrically quantified cod liver oil as standard. Protein was quantified using the folin-phenol reagent with bovine serum albumin as standard. Moisture content was measured by drying 1 g of homogenized tissue to a constant (dry) mass at 60 C for 24 h. Glycogen samples were digested with amyloglucosidase for 2 h at 55 C, and glucose in digested and undigested samples were assayed using the glucose-o-dianisidineperoxidase reaction.
S . O . S T E F A N S S O N E T A L .
STATISTICS
All statistical analyses were performed with Statistica 5.0 (StatSoft, 1997). A Kolmogorov-Smirnov test was used to assess normality of distributions, and homogeneity of variances was tested using Levene's F-test (Zar, 1996) . With the exception of GH data from 1997 (skewed distributions), all variables were in accordance with the requirements for parametric tests (Zar, 1996) . As differences in body size were found between zones (Table I) , data were tested using a one-way ANCOVA with L F as a co-variate. Significant ANCOVAs were followed by Tukey's HSD test for unequal n (Zar, 1996) . GH data from 1997 were tested in a Kruskal-Wallis ANOVA by ranks followed by Mann-Whitney U-tests, using Bonferroni adjusted P-levels (Zar, 1996) . A significance level of 0Á05 was used. Data are presented as mean AE S.E.
RESULTS
In 1996, post-smolts caught in zone 3 had a higher mean L F than smolts caught in the river (Table I ). In 1997, the post-smolts in zone 5 were longer than fish caught in the river or other zones (Table I ). The condition factor of the fish was higher (0Á87-0Á95) in 1996 than in 1997 (0Á72-0Á80), with a significant reduction from fresh water to sea water in both years (Table I) .
There were no significant differences in gill Na þ ,K þ -ATPase activity of fish caught in zones 0, 2 and 3 in 1996, with levels in the range 8Á3-8Á7 mmol ADP mg protein À1 h À1 [ Fig. 2(a) ]. In 1997, levels in fish caught in the river and the estuary (zones 0 and 1) were similar to those observed in 1996. Unlike the year before, however, in 1997 gill Na þ ,K þ -ATPase activity of fish in zone 3 was significantly higher than that of fish in the inner zones. Peak levels were observed in zone 5 (16 mmol ADP mg protein À1 h
À1
, P < 0Á05) with slightly lower activity in zone 6. In both years, no significant changes were observed in intestinal Na þ ,K þ -ATPase activity between the different zones [ Fig. 2(b) ]. Overall, the intestinal enzyme activity was higher in 1996 (0Á9-1Á2 mmol ADP mg protein À1 h
) than in 1997 (0Á6-0Á75 mmol ADP mg protein À1 h À1 ). Mean plasma growth hormone levels in smolts caught in the River Orkla were 15Á4 ng ml À1 in 1996 and 35Á2 ng ml À1 in 1997 [ Fig. 2(c) ]. Plasma GH levels increased in zones 2 (1996) and 3 (1997) to comparable levels of 40-45 ng ml À1 . Due to assay limitations (see Materials and methods), these levels were probably a slight underestimate. In 1997, the lowest plasma GH levels (significantly lower than for fish in all other zones) were observed in zone 6, i.e. in fully marine conditions [ Fig. 2(c)] .
In both years, the I L was within the same range of 0Á6-1Á0% [ Fig. 3(a) ], and was higher for smolts in the River Orkla (zone 0) than for fish in the estuary and fjord (zones 2, 3 in 1996, and 5 in 1997). In 1997, when samples were obtained from off-shore, fully marine conditions (zone 6), a significant increase in I L was observed.
Lipid and glycogen content decreased significantly in zone 6 and glycogen showed a general trend towards depletion as fish moved from the river, through the Trondheimsfjord and out into the ocean [ Fig. 3(b), (c) ]. Protein levels did not differ significantly among zones (Table I ). Moisture content (Table I) did not change significantly, and appeared to be tightly regulated in the range 77Á7-78Á7% in fish from all zones during both years. Table I ): GH, zone 0, n ¼ 7; intestinal Na þ ,K þ -ATPase, zones 1 and 3, n ¼ 6. Values not sharing the same letter (underlined for 1996) are significantly different (P < 0Á05). Values not sharing the same letter (underlined for 1996) are significantly different (P < 0Á05).
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DISCUSSION
The present study represents findings during the peak of the smolt run in the Trondheimsfjord region (Hvidsten et al., 1995a) during two consecutive years. Self-sustaining Atlantic salmon populations are found in more than 25 rivers draining to the Trondheimsfjord (Johnsen et al., 1999) , and each spring, large numbers of smolts migrate from these rivers through the fjord (Levings et al., 1994) . This extensive smolt migration and the topography of the Trondheimsfjord make this a particularly well-suited system for studies of Atlantic salmon postsmolts in estuaries, fjords and coastal conditions. Smolts caught in the river and estuary (zone 1) most likely originate from the River Orkla. Further out into the fjord and offshore, post-smolts from Rivers Gaula, Nidelva, Verdalselva, Stjør-dalselva and Surna, to name the most important, probably form mixed schools during their ocean migration. Post-smolts which were caught in zones 2 to 6 most likely represent earlier segments of the smolt run from several rivers, than the fish caught closer to the River Orkla. It should be noted, however, that all other major rivers which are likely to contribute significantly to catches in the outer zones are all located further in along the Trondheimsfjord or large distances south along the coast. Therefore, while it is possible to view the present data as a simple developmental series of changes during smolt migration from the river, through the estuary and fjord, out to the open sea and full oceanic conditions, this interpretation has to be made with caution, as fish may be arriving in the outer zones from different rivers, representing different segments of the smolt run, and having spent different periods of time in sea water. Handeland et al. (2000) suggested that smolts are physiologically adapted to sea water after c. 4 days at temperatures similar (9 C) to those in the present study. Based on tracking studies in the Trondheimsfjord suggesting an overall average migration speed of 2 body lengths s À1 (Hvidsten et al., 1995b; M. Holm, pers. comm.) , supported by studies of diet and prey selection (Andreassen et al., 2001) , it is reasonable to assume that the smolts caught in zone 1 are adapting to estuarine conditions. Accordingly, fish caught in zones 5 and 6 (c. 100 km from the Orkla Estuary, having spent at least 5 days in coastal waters) have to a large extent adapted to marine conditions, whereas some inter-individual variation in seawater adaptation would be expected in post-smolts caught in zones 2 and 3.
There are few published data from the early marine phase of Atlantic salmon with which to compare the present findings. McCormick & Bjo¨rnsson (1994) described physiological characteristics of wild and hatchery-reared Atlantic salmon parr and smolts from the Connecticut River. The present results on gill Na þ ,K þ -ATPase activity in smolts from the River Orkla are in the same range as those reported by McCormick & Bjo¨rnsson (1994) , Handeland et al. (1998) and Stefansson et al. (1998) . Gill Na þ ,K þ -ATPase activity increased significantly in post-smolts caught in higher salinity zones (zones 3-6, 1997), in line with results obtained in smolts exposed to full-strength sea water under laboratory conditions (Berge et al., 1995; Handeland et al., 1998 Handeland et al., , 2000 and Atlantic salmon and brook trout Salvelinus fontinalis (Mitchill) caught in estuarine conditions (McCormick et al., 1985) . As noted above, zone 3 probably represents an area with some temporal variation in seawater adaptation during
the course of the smolt run and between years, hence some variation is to be expected. Overall gill enzyme activity levels in smolts from the higher salinity zones are similar to levels observed in hatchery post-smolts after 2-4 weeks of exposure to full-strength sea water at corresponding temperatures (Handeland et al., 1998 (Handeland et al., , 2000 , and probably represent long-term branchial Na þ ,K þ -ATPase activity of Atlantic salmon post-smolts under oceanic conditions (salinity 33-35, 8-10 C).The salmonid intestine increases its fluid uptake during the parr-smolt transformation, as a preparatory adaptation to its role as a water-absorbing organ in sea water (Veilette et al., 1995) . The major driving force behind this intestinal fluid transport is the Na þ ,K þ -ATPase located in the enterocytes (Loretz, 1995) . Accordingly, this enzyme activity increases during the parrsmolt transformation (Sundell et al., 2003) . The present results do not lend unequivocal support to these observations, however, the tendency of increased intestinal Na þ ,K þ -ATPase activity in the fish caught further out in the estuary (zones 2 and 3 in 1996) is in line with earlier studies on Atlantic salmon postsmolts, which show that intestinal Na þ ,K þ -ATPase activity continues to increase after transfer to sea water (Sundell et al., 2003) . Muscle moisture was regulated within narrow limits (77Á7-78Á7%, Table I ) in fish from all zones during both years, suggesting that the post-smolts were fully competent osmoregulators, able to adapt to marine conditions without any long-term disturbance of hydro-mineral balance. The present levels are consistent with observations of muscle moisture in seawater acclimated post-smolts under laboratory conditions (Handeland et al., 2000) .
Smolt development is normally accompanied by decreases in lipid reserves and liver glycogen, even when fishes are fed ad libitum (Sheridan, 1989) . This has led to the general concept that smolts are naturally 'energy deficient' during the downstream migration. The present results support this hypothesis and indicate that smolts also have low energy reserves during the early marine phase. There was, however, no significant change in protein content, and even a tendency of an increase from the estuary and off-shore in 1997. Taken together, the present findings indicate that post-smolts maintain a positive protein balance, and that there is a high scope for growth during this period, at the expense of energy stores and in spite of their low mass-specific energy content. This hypothesis is consistent with increasing RNA : DNA ratios in wild post-smolts from estuary through fjords and into the ocean (S.O. Stefansson, P.A. Bjørn, B. Finstad & N.A. Hvidsten, unpubl. data) .
The physiological changes taking place during the early phase of the Atlantic salmon ocean migration as seen in this study, i.e. high hypo-osmoregulatory capacity, growth and energy mobilization, are all processes that are likely to be stimulated by growth hormone (Bjo¨rnsson, 1997) . Such activation of the GH system is indicated by the relatively high plasma GH levels seen in the downstream migrating smolts in the river as well as in fish in the coastal zones (1, 2, 3 and 5). Although plasma GH levels increase during smoltification, levels as high as 35-45 ng ml À1 are rarely seen in smolting Atlantic salmon in aquaculture. McCormick & Bjo¨rnsson (1994) , however, have reported even higher levels (75-100 ng ml
À1
) from wild Atlantic salmon smolts during migration in the Connecticut River. Thus, the present data support the notion that there are significant differences in the degree of activation of the GH system between the wild and farmed salmonids in the freshwater environment, as has been seen for smoltifying brown trout Salmo trutta L. (Sundell et al., 1998) . This is also demonstrated by increased plasma GH levels after release of hatchery-reared salmonids into the natural environment [Atlantic salmon, McCormick et al., 2002 ; Amago salmon Oncorhynchus rhodurus (Gu¨nther), Munakata et al., 2000] or semi-natural environment [steelhead trout Oncorhynchus mykiss (Walbaum), Zydlewski et al., 2003) .
Although it is likely that the capture method used resulted in both 'exercise' and 'stress' responses, it is considered unlikely that these had a significant impact on the variables measured in this study. Stress and exhaustive exercise apparently do not affect muscle moisture content of salmonids (Wang et al., 1994) . Although the response of gill Na þ ,K þ -ATPase activity to stress is variable among experiments, the time course that has been observed for any response to stress is much longer than would have affected fish in the present study (McCormick, 1995) . A 'chasing' stress has been shown to result in decreased plasma GH levels in salmonids (Farbridge & Leatherland, 1992) , whereas 'sustained exercise' results in elevated plasma GH (Nielsen et al., 1994) . In each of these cases, however, the time necessary to achieve changes in plasma GH is greater than the time fish would have been exposed to stress or exercise during capture in the present study. In addition, the within group variation in plasma GH was relatively small; this also indicates that stress or exercise is not a major determinant of plasma GH levels, as the trawled fish are likely to have been exposed to highly varying period of stress and exercise.
Under controlled conditions, plasma GH levels of salmonids show a significant, transient increase following seawater transfer (Bjo¨rnsson, 1997) , with salinity and temperature as modulating factors Handeland et al., 1998 Handeland et al., , 2000 . This transient response is reflected by the highest plasma GH levels observed in fish caught in zones 2 (1996) and 3 (1997). Accordingly, Stefansson et al. (1991) reported low plasma GH levels (<5 ng ml À1 ) in actively feeding, rapidly growing cultured Atlantic salmon in sea water. These findings correspond well with the lower GH levels (16 ng ml À1 ) in fish caught in zone 6 in 1997, as these fish were feeding actively (high fullness index, high forage ratio and no empty stomachs) almost exclusively on marine prey (Copepoda, Euphausiidae, Zoea), and seemed well adapted to the marine environment (Andreassen et al., 2001) . Such decreases in GH levels following seawater adaptation are not, however, interpreted as a down-regulation of the GH system, but rather activation, with concurrent increases of both secretion and metabolic clearance rates, resulting in a relatively low 'set-point' for the plasma GH levels (Sakamoto et al., 1990; Sakamoto & Hirano, 1991; Agustsson et al., 2001) . As with earlier data from laboratory experiments, it can only be speculated whether such activation of the GH system in sea water is related to the role of GH in osmoregulation, growth regulation or both. Since the early marine growth of smolts has been strongly linked to overall marine survival, the role of increased growth hormone as it relates to growth and energy utilization during this phase bears further investigation.
The present study has shown that there are several physiological changes that accompany the voluntary migratory movement of smolts from fresh to sea water. Entry into fjords and the ocean is associated with continued increases 952
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in gill Na þ ,K þ -ATPase activity and decreased lipid content. Plasma growth hormone levels increased transiently during passage through the fjord, with a decline in post-smolts in the ocean. These physiological changes may be a critical part of the adaptation to ocean conditions and are probably adaptive for long-term survival of Atlantic salmon in sea water.
